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The processes of extraction and insertion of lithium ions in LiCoO2 cathode are investigated by
galvanostatic cycling and electrochemical impedance spectroscopy (EIS) at different potentials
during the first charge/discharge cycle and at different temperatures after 10 charge/discharge
cycles. The spectra exhibit three semicircles and a slightly inclined line that appear successively
as the frequency decreases. An appropriate equivalent circuit is proposed to fit the experimental
EIS data. Based on detailed analysis of the change in kinetic parameters obtained from simulating
the experimental EIS data as functions of potential and temperature, the high-frequency, the
middle-frequency, and the low-frequency semicircles can be attributed to the migration of
the lithium ions through the SEI film, the electronic properties of the material and the charge
transfer step, respectively. The slightly inclined line arises from the solid state diffusion process.
The electrical conductivity of the layered LiCoO2 changes dramatically at early delithiation as
a result of a polaron-to-metal transition. In an electrolyte solution of 1 mol L1 LiPF6–EC
(ethylene carbonate) : DMC (dimethyl carbonate), the activation energy of the ion jump
(which is related to the migration of the lithium ions through the SEI film), the thermal activation
energy of the electrical conductivity and the activation energy of the intercalation/deintercalation
reaction are 37.7, 39.1 and 69.0 kJ mol1, respectively.
1 Introduction
The lithium-ion battery (LIB) has been regarded as one of themost
important inventions in modern energy-storage technology.1–3
It has the highest energy density among all rechargeable batteries
and is widely used as a power source for many applications such
as personal computers, hybrid electric vehicles (HEVs) and plug-in
hybrid electric vehicles (PHEVs).4,5 Lithium cobalt dioxide
(LiCoO2), with a a-NaFeO2-type structure, is a compound of
great importance as it is the most widely used positive electrode
material of today’s LIBs. The reason for this success is that
Li+ ions can be deintercalated from LiCoO2 down to Li0.5CoO2
with a very good reversibility and a high electrochemical
potential, giving rise to batteries with a good cyclability and a
high voltage.2,6,7 The structural, physical, and electrochemical
properties of LiCoO2 and LixCoO2 (0.5 o x o 1) have been
studied extensively.8–17 The literature data18–24 leave no doubts
about the existence of a drastic change in the electronic
conductivity occurring at an early stage of lithium deinter-
calation, which may be caused by a transition from polaron to
metal. In the case of LixCoO2 materials, such a transition has
been proposed to be responsible for the existence of a two-
phase region between the lithium concentrations of x = 0.95
and x = 0.75, namely, LixCoO2 is a semiconductor for
x > 0.95, and is of metallic property for x o 0.75.
However, for LiCoO2, a debate related to EIS is still open
on the electronic conductivity, electronic structure, phase
transitions, their effect, and the electrochemical performances,
which need to be investigated in detail.10–17,19,25–30 Electro-
chemical impedance spectroscopy, or EIS, is one of the most
powerful means to analyze electrochemical processes occurring
at electrode/electrolyte interfaces, and has been widely applied
to the studies of electrochemical lithium intercalation into
carbonaceous materials and transition metal oxides.12–17,28,31–38
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lithium extraction from LiCoO2-based electrodes commonly
consist of three parts, namely, a semicircle in the high-frequency
range which is generally attributed to the migration of lithium
ions through a surface film (also called solid electrolyte
interphase, abbreviated as SEI) on LiCoO2, a semicircle in
the middle-frequency range which is ascribed to the charge
transfer step (de-solvation as Li+ cations leave solution and
enter the LixCoO2 lattice), and an incline line in the low
frequency range reflecting the solid state diffusion process of
lithium ions into LiCoO2 that is often described as finite space
or restricted diffusion.39–48 However, according to Nobili and
co-workers,12–17 the drastic change in resistance caused by the
polaron to metal transition must be necessarily reflected by the
distribution of frequency points at different degrees of
frequencies and potentials, i.e. the Nyquist plots of LiCoO2 in
the delithiated state should involve a third semicircle relating to
the electronic properties of the material. As a consequence, the
Nyquist plots of electrochemical lithium extraction from
LiCoO2-based electrodes should include four parts. Nobili
proposed that the EIS spectra were interpreted in terms of
the following physical phenomena along with decreasing
frequency: (i) a high-frequency dispersion (>1 kHz) because
of the presence of a passivating layer, (ii) an intermediate
frequency dispersion (between 10 Hz and 1 kHz) due to charge
transfer, (iii) a low-frequency semicircle associated with the
electronic properties of the material, and finally, (iv) the very
low-frequency spike of the ionic diffusion. However, the
experimental results of Nobili et al. were nevertheless analogous
to those previously reported by other authors,39,46,49 and from
their Nyquist plots, the three obviously separated semicircles
could not be observed in most cases. Moreover, the Nyquist
plots of LiCoO2 and its derivative materials LixNi1yCoyO2,
which they obtained at low potentials (below 3.7 V), were also
analogous to previous results reported in the literature, consisting
of two parts: (i) a semicircle in the high frequency range
relating to migration of lithium ions through the SEI film
and (ii) a sloping line in the low frequency range. Nobili and
co-workers12–17 attributed the sloping line in low frequency
range to the electronic properties of the material, but that is
generally attributed to the charge transfer process or the
blocking characteristic of the electrode.50
It is well known that the practical LIB cathodes are composite
materials, in which the active mass particles are bound to an
aluminium current collector with a polymeric binder such as
polyvinylidene difluoride (PvdF). In addition, the composite
electrodes have to contain a conductive additive, usually carbon
particles (e.g. carbon black, graphite). The electrodes are usually
prepared from a slurry of the particles and the binder in an
organic solvent, which is spread on the current collector,
followed by drying. The final shape of the electrode is obtained
by applying some pressure to the electrode. So, its electronic
conductivity must be greatly affected by the amount of conductive
additive in the composite materials and by the contact between
the cathode film and the aluminium current collector.51 As a
consequence, variation of electronic conductivity of the active
mass with electrode potential change can be observed only
when the cathode contains enough amount of conductive
additive, and has a good contact between the cathode film
and the aluminium current collector.52,53
Based on the above analysis, in our previous studies,31 the
spinel LiMn2O4 cathode containing high weight percent of a
conductive additive was prepared, and the spinel LiMn2O4
cathode after drying was compressed by a rolling machine
(between iron wheels) in order to obtain a good contact between
the cathode film and the aluminium current collector.53 EIS for
lithium ion insertion and extraction in spinel LiMn2O4 were
recorded at different potentials and different temperatures during
the initial charge/discharge cycle. It had revealed that, at inter-
mediate degrees of delithiation, three semicircles appear in the
Nyquist diagram. The three semicircles along with decreasing
frequency have been assigned to the Li-ion migration through the
surface film, the electronic properties of the material, and a
charge transfer step, respectively.
In this study, the LiCoO2 cathode was prepared by the same
way used in our previous study.31 The process of the first
delithiation/lithiation of the LiCoO2 electrode was investigated
by galvanostatic cycling and EIS. A new phenomenon that has
never been reported before is revealed, namely the Nyquist plots
show three parts: two semicircles and a sloping line below 3.7 V,
and at intermediate degrees of delithiation the Nyquist plots
display four identifiable separated parts: three semicircles and
an inclined line. It has been demonstrated that at intermediate
degrees of delithiation the semicircle in the middle frequency
range should be associated with the electronic properties of the
material. In addition, the impedance spectra of the LiCoO2
electrode were measured in 1 mol L1 LiPF6–EC : DMC
electrolyte solution at the temperature ranging from 0–30 1C,
and the data were used to determine the kinetic parameters of
the insertion/deinsertion process of lithium ions.
2 Experimental methods
The LiCoO2 cathode composition was 80 weight percent
(wt%) LiCoO2 powder (B&M Ltd Co., Tianjin, China),
10 wt% polyvinylidene fluoride binder (Kynar FLEX 2801,
Elf-atochem, USA), 3 wt% carbon black and 7 wt% graphite
(Shanshan Limited Co. Shanghai, China), and an aluminium foil
was used as a current collector. The electrolyte was 1 mol L1
LiPF6–EC : DMC (volume ratio 1 : 1, Guotaihuarong Co.,
Zhangjiagang, China).
The phase was identified using powder XRD with Cu Ka
radiation, and the measurements were performed on a Rigaku
D/Max-3B diffractometer. Diffraction data were collected by
step scanning over an angular range of 10–801 with a step width
of 0.021 (35 kV, 30 mA). The particle morphologies of the
samples were examined using a scanning electron microscope
(SEM, Hitachi, S-3000N).
The electrochemical impedance of the first charge/discharge
cycle was studied in a three-electrode glass cell with auxiliary
and reference electrodes that were both composed of Li foil.
The experiment was performed using an electrochemical work
station (CHI660D, Chenhua Ltd Co., Shanghai, China) with
an electrolyte solution that was composed of 1 M LiPF6 in a
1 : 1 (v/v) mixture of ethylene carbonate (EC) and dimethyl
carbonate (DMC). The thickness (l) and the area (S) of the
electrode film were 100 mm and 4 cm2, respectively.
A two-electrode button cell was used to investigate the
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The spectra were collected at temperatures ranging from 0–30 1C in
1 mol L1 LiPF6–EC : DMC electrolyte solution. The measure-
ments were taken after 10 cycles to reduce the negative impact of
lithium on the EIS.54 The amplitude of the ac perturbation signal
was 5 mV and the frequency ranged from 105 to 102 Hz. The
electrode was equilibrated for 1 h before the EIS measure-
ments were taken. The impedance data were analysed using
Zview software. The charge/discharge cycles were carried out
at 0.1 C over a potential range of 3.5 to 4.3 V, and lithium
metal was used as the second electrode.
3 Results and discussion
3.1 Characterization of the commercially available LiCoO2
The joint committee for powder diffraction studies (JCPDS) of
LiCoO2 and XRD patterns of commercially available LiCoO2
are shown in Fig. 1. All patterns are in good agreement with
the JCPDS standard, and all the diffraction peaks could be
indexed to the layered structure with the space group R%3m.
Fig. 2 illustrates typical SEMmicrographs of the commercially
available LiCoO2. The active material of the electrode consists
of two types of particles that are agglomerated together, i.e.,
particles that have a diameter of 4–6 mm and particles that
have a diameter of 11–16 mm.
Fig. 3 illustrates the first 20 charge/discharge curves of
Li/LiCoO2 cells (Fig. 3a) and the variations in the discharge
capacity of LiCoO2 with cycle number (Fig. 3b). The charge/
discharge behaviors of the LiCoO2 present a combination of a
sloping line and a flat domain in the voltage profile. During the
discharge process, the voltage of LixCoO2 decreases at first
gradually with the increase of Li content corresponding to the
capacity range 100 o C o 145 mA hg1 (C represents the
capacity), and then keeps an almost constant value in the capacity
range 10o Co 90 mA hg1. This discharge result indicates that
inserted lithium first forms a solid solution and then phase
transformation occurs when the Li content achieves the level of
x r 0.94, which corresponds to a two-phase region induced by a
polaron–metal transition.55 It is now known that crystal structure
transitions take place in Li1xCoO2 as a function of x following
lithium deintercalation (charge) and intercalation (discharge).
These are reversible and occur at 3.95–4.18 V versus Li (hexagonal
(H1) - monoclinic (M) - H1), and the H1 - M - H1
Fig. 1 JCPDS standard of LiCoO2 and XRD patterns of commercially
available LiCoO2.
Fig. 2 SEM image of commercially available LiCoO2.
Fig. 3 (a) Charge/discharge curves of Li/LiCoO2 cells. (b) Variations in
the discharge capacity with cycle numbers. (c) Differential capacitance
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transitions are of order–disorder type.9,19,55 Therefore, the
charge/discharge of Li1xCoO2 is combined with solid
solution domains and a two-phase transformation.56–58 In
Fig. 3c, the differential capacitance curves of the LiCoO2 electrode
on 1st, 2nd, 3rd and 5th cycles demonstrate that the current peak
at 3.96 V corresponds to the flat domain in the charge/discharge
curves, and around this potential, the reversible conversion of
H1 - M - H1 is the most concentrated, associated with the
polaron–metal transition.9,19,55–58 The initial specific discharge
capacity of LiCoO2 is close to 141 mA hg
1, yet after over
100 cycles the capacity retention of LiCoO2 is still above 97%,
displaying an excellent electrochemical performance.
3.2 The common EIS features of LiCoO2 cathode in the first
charge/discharge process
Fig. 4 depicts the Nyquist plots of the LiCoO2 cathode from
3.6 to 4.3 V during the first charge process. Fig. 5 shows the
Nyquist plots of the discharge process, which follow a converse
pathway. The plots show an atypical trend for compounds of
the LixNi1yCoyO2 family. As can be seen from Fig. 4, the
Nyquist plots of LiCoO2 cathode at the open circuit potential,
3.6 V, show a depressed small semicircle in the high-frequency
(HF) range, a large semicircle in the middle-frequency (MF)
range and a slightly inclined line in the low-frequency (LF)
region. Such results were different from those previously
reported in the literature, but are in agreement with the results
obtained on the LiMn2O4 cathode in our previous studies;
31
they illustrate that EIS features must be greatly affected by the
amount of conductive additive in the composite materials and
the contact between the cathode film and the aluminium current
collector. With the increase of electrode polarization potentials,
the depressed small HF semicircle does not change significantly;
however, from 3.6 to 3.95 V, the diameter of the large MF
semicircle decreases rapidly, and the MF semicircle and the HF
semicircle overlap each other and were merged into one single
compressed semicircle at 3.95 V. The slightly inclined line in the
LF region, which is strongly potential dependent, shows an
increasing tendency to move toward the real axis; and at last,
another semicircle in the low frequency and a steep sloping line
in the very low frequency region are also formed at 3.95 V. On
further charging to 4.3 V, the unique feature of the Nyquist
plots is that the compressed semicircle formed from the HF and
MF semicircles begins to separate, at 4.25 V for example, the
Nyquist plot clearly contains four identifiable separated parts,
essentially three semicircles and one line. To our knowledge,
this unique phenomenon has never been reported before in
the literature, and confirms that the opinion of Nobili and
co-workers12–17 that is the drastic change in resistance caused by
the polaron-to-metal transition must be necessarily reflected by
the distribution of frequency points at different degrees of
frequencies and potentials is correct, i.e., the Nyquist plots of
LiCoO2 in the delithiated state should involve a third semicircle
relating to the electronic properties of the material.
This new phenomenon observed in the present paper that
the Nyquist plot clearly consists of three semicircles and one
line puts forward a new question, namely, what are the origins
of the three semicircles and one line in the Nyquist plot
obtained in the present paper? As discussed in the Introduction,
the HF semicircle and the steep sloping line in the very low
frequency region are without doubt attributed to migration of
lithium ions through the SEI film and the solid state diffusion
process of lithium ions, respectively. However, the attribution of
the MF semicircle and the LF semicircle is still in dispute. In our
previous study,31 a similar phenomenon as observed in the present
paper was observed in the Nyquist plots of the LiMn2O4 cathode.
Contrary to the suggestion of Nobili and co-workers,12–17 it was
demonstrated that the MF semicircle and the LF semicircle
should be assigned to the electronic properties of the material
and a charge transfer step. As a result, the MF semicircle and the
LF semicircle observed in this study may be assigned to the
electronic properties of the material and a charge transfer step,
respectively, which will be demonstrated below.
3.3 Equivalent circuit proposed for EIS analysis
A reasonable equivalent circuit should be established in accordance
with the physical mechanism of the delithiation/lithiation of the
LiCoO2 electrode. According to the experimental results obtained
in this work, the physical mechanism of the delithiation/lithiation
of the LiCoO2 electrode, the previous study of a graphite
electrode59 and our previous study of LiMn2O4,
31 an equivalent
circuit shown in Fig. 6 is proposed to fit the impedance spectra of
the LiCoO2 cathode recorded in the first charge/discharge
process. In this equivalent circuit, Rs is the ohmic resistance,
RSEI and Rct are resistances of the SEI film and the charge
transfer reaction. The capacitance of the SEI film and the
capacitance of the double layer are represented by the constant
phase elements (CPE) QSEI and Qdl, respectively. The very low
frequency region, however, cannot be modeled properly by a
finiteWarburg element. We have chosen, therefore, to replace the
finite diffusion by a CPE, i.e., QD. This approach has been used
to characterize the graphite electrode59 and gave a good fit to the
experimental data. The electronic properties of the material are
characterised by the electrical resistance and the capacitance,
which are represented by Re and the constant phase elements Qe.
The expression for the admittance response of the CPE (Q) is









where o is the angular frequency and j is the imaginary unit.
A CPE represents a resistor when n = 0, a capacitor with
capacitance of C when n= 1, an inductor when n= 1, and a
Warburg resistance when n = 0.5.
Fig. 7 shows a comparison between the simulated impedance
spectra and the experimental EIS data at 4.25 V in the charge
process, and the values of the parameters are listed in Table 1.
The relative standard deviations for most parameters obtained
from fitting the experimental impedance spectra are less than
15%, which indicates that the proposed model describes the
experimental data satisfactorily.
3.4 Variations of RSEI with electrode polarization potential
Variations of RSEI with increase and decrease in electrode
polarization potential obtained from fitting the experimental
impedance spectra of the LiCoO2 cathode recorded in the first
charge/discharge process are shown in Fig. 8. In the charge
process, RSEI decreases slowly below 3.8 V, and decreases
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attributed to the breakdown or dissolution of the resistive SEI
film, resulting from spontaneous reactions between the cathode
active materials and the non-aqueous organic electrolytes that
occur at the surface of the cathodes.30,60,61 Because of the limited
amount of research carried out on cathode surfaces, there is no
microscopic picture available for this breakdown mechanism
and it remains unknown.54,62,63 Upon further charging to 4.3 V
and with decrease in electrode potential in the discharge process,
RSEI keeps almost constant, indicating that the SEI film remains
persistent and stable to a certain extent in these processes.
3.5 Discussion on the electronic properties of LiCoO2
Among the characteristics of insertion materials, the electrical
conductivity of the component materials is one of the
most important issues in connection with the rate performance
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of batteries.64 In addition to such practical importance, conduc-
tivity measurements during the lithium insertion (and extraction)
reaction would be an attractive approach for the study of the
variation in the electronic structure of the materials as a function
of lithium content.65,66 It is well known67–69 that LiCoO2 is a
p-type semiconductor (band-gap Eg = 2.7 eV), while LixCoO2
exhibits a metal-like behavior for x o 0.75. LixCoO2 is predicted
to have partially filled valence bands for x lower than 1.0. For
each Li removed from the LiCoO2 lattice, an electron hole is
created within the valence band, i.e.
p = 1  x (2)
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where p is the concentration of electron holes. We may expect
that there will be sufficient holes, when x is below 0.75, to
allow for a significant degree of screening. In this regime, the
hole state in the valence bands is likely to be delocalized, so
that LixCoO2 exhibits metallic-like electronic properties.
70
This behavior is clearly observed in infrared absorption
spectra where a strong absorption by holes occurs at low
wave-numbers.67 Accordingly, the variation of electronic
conductivity of LiCoO2 in the charge/discharge process with
potential may be divided into three regions: (i) the region in
which LixCoO2 has a semiconductor-like behavior; (ii) the
region in which the hole state in the valence bands is likely
to be delocalized; (iii) the region in which LixCoO2 has a
metal-like behavior.
Fig. 9 illustrates variations of Re as a function of electrode
polarization potential, which was calculated by fitting the
experimental impedance spectra of the LiCoO2 electrode during
the first charge/discharge cycle. We obtained the electronic
conductivity through the equality (3):
R = l/(sS) (3)
where s is the conductivity, l is the thickness of the electrode
film (100 mm), and S is the area of the electrode film (4 cm2).
Variations in the conductivity (s) as a function of electrode
polarisation potential during the first charge/discharge cycle
are shown in Fig. 10. The behaviour of s during the first charge
process can be divided into three parts: (i) below 3.8 V, the electrical
conductivity increases slowly; (ii) between 3.8 and 3.95 V, the
electrical conductivity increases drastically; and (iii) above 3.95 V,
the electrical conductivity increases slowly. Corresponding to
the above analysis, the potential–conductivity profile shows
reasonable reversibility when the potential scan is reversed,
which is in accordance with the results obtained by Shibubuya
et al.25 and demonstrates that the MF semicircle observed in
this study should be attributed to the electronic properties of
the material.
Moreover, the electronic conductivity of LiCoO2 increases
exponentially with the electrode polarization potential in the
region from 3.6 (s = 8.5  106 S cm1) to 3.95 V (s = 3.3 
104 S cm1), and is saturated above 3.95 V (3.3 
104 S cm1–4.6  104 S cm1), being approximately in
Fig. 6 Equivalent circuit proposed for analysis of the LiCoO2
electrode in the first charge–discharge process.
Fig. 7 Variations of capacitance values and the comparison of EIS
experimental data at 4.25 V in the first charge process with simulation
result using the equivalent circuit of Fig. 6.
Table 1 Equivalent circuit parameters obtained from fitting the
experimental impedance spectra at 4.25 V in the first charge process
Parameters Values Uncertainty (%)
Rs 6.44 0.89
RSEI 3.12 3.40
QSEI  Y0 7.01  106 19.07
QSEI  n 0.94 5.85
Re 5.88 1.50
Qe  Y0 1.60  106 13.29
Qe  n 0.62 7.14
Rct 1.97 6.63
Qdl  Y0 3.39 9.82
Qdl  n 0.81 4.27
QD  Y0 3.37  106 13.68
QD  n 0.98 8.14
Fig. 8 Variations of RSEI with electrode potential obtained from
fitting the experimental impedance spectra of the LiCoO2 electrode
during the first charge–discharge cycle.
Fig. 9 Variations of Re with electrode potential obtained from fitting
the experimental impedance spectra of the LiCoO2 electrode during
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agreement with previous reports that the electronic conductivity
of LiCoO2 increases and decreases by one or two orders of
magnitude in the charge/discharge process.71–74 This result
confirms further that the MF semicircle is associated with the
electronic properties of the material.
Fig. 11 displays variations of logarithm of the electronic
conductivity of the LiCoO2 cathode with electrode polarization
potential during the first three charge/discharge cycles. The
trend of variation of ln(s) with potential during the first three
charge–discharge cycles is almost in agreement with the results
reported by Sauvage et al.75 The hysteresis noticed for the
conductivity between the first and the second cycle is consistent
with the partial electrochemical irreversibility recorded, keeping
a mixed valence state, Cob/Cow,70,75,76 within the active materials
after the reduction. In addition, the experimental values of ln(s)
show a good linear dependence on electrode potential in the
second and the third cycle and they keep a little drift, indicating
that the polaron-to-metal transition will weaken after the first
charge/discharge cycle, and the content of Li+ in LixCoO2 after
each discharge process will decrease gradually77 (so more hole
charge carriers will be there).
The relaxation frequency (fr), which is an intrinsic characteristic
of each sample and independent of geometrical parameters, is also
easily deduced from impedance diagrams.78,79 In the Nyquist
diagram, fr is found at the apex of the semicircle,
78,79 and is the
unique frequency which satisfies the relation:
orRC = 1 (4)
where
or = 2pfr (5)




where es is the relative dielectric constant. e0 is the permittivity
of the vacuum. l and s are the thickness and area of the
electrode film, respectively.



















The relaxation frequency (fr) can be understood as the
relation between the electrical conductivity (s) and the relative
dielectric constant (es) of the sample. Moreover, it can be seen
from eqn (10) that the relaxation frequency is independent
of the geometrical parameter of the sample. Thus, it can
be obtained even if the sample’s thickness or the area in
contact with the electrode is not known.78,79 So, the relaxation
frequency presented the same variation as the electrical
conductivity.
Fig. 12 displays the variations of relaxation frequency
(obtained from Bode plots) of the middle-frequency (MF). Upon
comparing to Fig. 11, we found that the relaxation frequency
presented the same variation as the electrical conductivity during
the first charge/discharge cycle. This relationship has been proved
by Luciana F. Maia and Rodrigues78 in a lithium borosilicate
glasses study, which further confirms that the middle-frequency
semicircle is without a doubt associated with the electronic
properties of the material.
Fig. 10 Variations of the conductivity derived from Re with electrode
potential obtained from fitting the experimental impedance spectra of
the LiCoO2 electrode during the first charge/discharge cycle.
Fig. 11 Evolution at different states of charge and discharge of the
logarithm of the conductivity of the LiCoO2 electrode during the first
three charge/discharge cycles.
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In summary, there are four points to confirm that the MF
semicircle should be associated with the electronic properties
of the material: (i) variations of s with electrode polarization
potentials can obviously be divided into three different parts;
(ii) values of s in the region from 3.6 (s = 8.5  106 S cm1)
to 4.3 V (4.6  104 S cm1) are in agreement with previous
reports71–74 that the electronic conductivity of LiCoO2
increases and decreases by one or two orders of magnitude
in the charge/discharge process; (iii) the hysteresis noticed for
ln(s) between the first and the second cycle is consistent with
the partial electrochemical irreversibility recorder, which is
proved by Sauvage et al.;75 (iv) the relaxation frequency (frM)
presented the same variation as the electrical conductivity (s)
during the first charge/discharge cycle. This relationship has
been proved by Luciana F. Maia and Rodrigues78 in a lithium
borosilicate glasses study. So, the MF semicircle is without a
doubt associated with the electronic properties of the material.
3.6 Discussion on the charge transfer process
The electrochemical reaction at the LiCoO2 electrode is given
by eqn (11):
(1  x)Li+ + (1  x)e + LixCoO2 3 LiCoO2 (11)
where x is the insertion level.
LiCoO2 has good reversibility, with that, the Rct versus E






in this equation, f denotes the usual electrochemical constant
(equal to F/RT with F and R being the Faraday and gas
constants, respectively, and T being the absolute temperature),
ks is the heterogeneous rate constant, and A denotes the total
electroactive surface area. Eqn (12) predicts clearly a rapid
increase in Rct with the decrease of x as x o 0.5, a rapid
decrease in Rct with the decrease of x as x > 0.5, and the
minimum Rct can be attained when x = 0.5 (corresponding to
4.3 V in this study). It can be observed from Fig. 13 that in the
charge process lnRct decreases rapidly with the decrease of the
electrode polarization potential and the minimal of lnRct is
at 4.3 V.81–83 Similar behavior can be also observed in the
discharge process. The results confirmed that eqn (12) can
be used to correctly interpret the experimental data. As a
consequence, the LF semicircle is undoubtedly attributed to
the charge-transfer process.
4 The temperature dependence of the kinetic
parameters
To further elucidate the intercalation mechanism of the
lithium ions, EIS was used to measure the variation in the
impedance spectra of the LiCoO2 electrode in a two-electrode
button cell after 10 cycles. The measurements were taken at
temperatures ranging from 0–30 1C in the electrolyte solution
of 1 mol L1 LiPF6–EC : DMC. In a two-electrode button
cell, the impedances of the LiCoO2 electrode, the electrolyte,
and the Li electrode all contribute to the EIS. However, during
the lithiation and delithiation cycles, the contributions of the
impedances of the electrolyte and the lithium electrode to the
EIS are reduced; this reduction is a result of the instant stripping
and plating of lithium, which keeps the lithium surface fresh.54
Therefore, any change in the EIS during the cycling process
arises from the LiCoO2. As a result, we used a two-electrode
Li/LiCoO2 cell to study the temperature dependence of the
kinetic parameters.
TheNyquist plots of Li/LiCoO2 in 1mol L
1 LiPF6–EC : DMC
electrolyte solution were recorded at various temperatures
and at potentials of 4.05, 4.10 and 4.15 V, which are shown
in Fig. 14–16, respectively; they show that the absolute
impedance decreases significantly as the temperature increases.
For the sake of clarity, each plot is shifted by 100 ohms along
the imaginary axis. At the freezing point, the Nyquist plots
consist of three semicircles, namely the HF semicircle (HFS),
MF semicircle (MFS) and LF semicircle (LFS); these results are
in agreement with those that were obtained in the three-electrode
glass cell. As the temperature increases, the diameters of the
three semicircles decrease rapidly. At 20 1C, a steep sloping
line appears in the low frequency region.
4.1 The temperature dependence of RSEI
According to the SEI model, if the thickness (l) of the SEI film
is larger than the space charge lengths and if there is no change
in the concentration or the molality of the mobile lattice
Fig. 13 Variations of the logarithm of Rct with electrode potential
obtained from fitting the experimental impedance spectra of the LiCoO2
electrode during the first charge/discharge cycle.
Fig. 14 The variation in the impedance spectra of the LiCoO2 electrode
as a function of temperature in 1 mol L1 LiPF6–EC : DMC electrolyte
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defects in the SEI film, then the migration of ions in a solid
crystal under an external field can be described by eqn (13).63
i = 4zFacvexp(W/RT)sinh(azFE/RT) (13)
In eqn (13), a is the half-jump distance, v is the vibrational
frequency of the ion in the crystal, c is the concentration of the
lattice cationic defects, z is the valence of the mobile ion, W is
the barrier energy for jumping, E is the electric field and F is the
Faraday constant. Assuming that the rate-determining step (rds)
is the migration of the cations in the SEI, the largest fraction
of the electrode overpotential (Z) will develop on the SEI, i.e.,
Z = ZSEI = El (14)
At low field conditions, eqn (13) can be linearised to eqn (15)






2F2a2cv) + (W/RT) (17)
Eqn (17) shows that there is a linear relationship between
lnRSEI and 1/T, and W can be obtained from the slope of
the line.
Fig. 17 shows the variation in lnRSEI as a function of 1/T at
different potentials in 1 mol L1 LiPF6–EC : DMC electrolyte
solution. The relationship between lnRSEI and 1/T is always
strongly linear and the W was calculated to be 36.3, 38. 8 and
38.1 kJ mol1 at 4.05, 4.10 and 4.15 V, respectively, and the
average value was 37.7 kJ mol1. These results indicate that
after 10 charge/discharge cycles, W changes less as a function
of potential when there is a stable SEI film on the surface of
the LiCoO2 electrode.
4.2 The temperature dependence of Re
The LiCoO2 electrode for lithium-ion batteries has semiconductor
properties. Electrical conduction in a semiconductor is a thermally
activated phenomenon that usually exhibits Arrhenius-type
behaviour (eqn (9)):84
sT = s0exp(Ea/kBT) (18)
where s is the electrical conductivity, s0 is the pre-exponential
factor, Ea is the activation energy, kB is the Boltzmann
constant and T is the temperature.
Fig. 15 The variation in the impedance spectra of the LiCoO2
electrode as a function of temperature in 1 mol L1 LiPF6–EC : DMC
electrolyte solution at 4.10 V.
Fig. 16 The variation in the impedance spectra of the LiCoO2
electrode as a function of temperature in 1 mol L1 LiPF6–EC : DMC
electrolyte solution at 4.15 V.
Fig. 17 The variations in the logarithm of RSEI of the LiCoO2
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By performing a Taylor series expansion on ln 1/T and





þ ðEa  kBÞ
kBT
þ 1 ð20Þ
Eqn (20) shows that there is a linear relationship between
lnRe and 1/T and that Ea can be obtained from the slope of
the line.
Fig. 18 shows the variation in lnRe as a function of 1/T at
different potentials in 1 mol L1 LiPF6–EC : DMC electrolyte
solution. The relationship between lnRe and 1/T is always
strongly linear and the Ea was calculated to be 40.5, 36.7 and
40.1 kJ mol1 at 4.05, 4.10 and 4.15 V, respectively, and the
average value was 39.1 kJ mol1.
4.3 The temperature dependence of Rct
The electrochemical reaction of the intercalation electrode is
given by eqn (21)
(1  x)Li+ + (1  x)e + LixMOy 3 LiMOy (21)
where M is the transition metal.
Suppose that the rate of the forward reaction rf (lithiation in
the intercalation electrode) is proportional to cmax(1  x) and to
the concentration (MLi+) of lithium ions in the electrolyte near the
electrode. cmax(1 x) is the concentration of the insertion sites on
the surface of the intercalation electrode that are not occupied by
lithium ions, x is the insertion level and cmax (mol cm
3) is the
maximum concentration of lithium ions on the intercalation
electrode. Then, the backward reaction rate rb is proportional
to cmaxx, where cmaxx is the number of sites that are already
occupied by lithium ions. rf and rb can be written as
85
rf = kfcmax(1  x)MLi+ (22)
rb = kbcmaxx (23)
therefore:
i = rf  rb = neFcmax[kf(1  x)MLi+  kbx] (24)
where ne is the number of electron exchanges in the lithium ion
insertion and extraction processes, F is the Faraday constant
and kf and kb are the rate constants of the forward and
backward reactions, respectively.
The molar intercalation energy DGint of the intercalation
electrode can be expressed as
DGint = a + mx (25)
where a is a constant which describes the interaction energy
between an intercalated ion and a host lattice site near it, and
m is a constant that describes the interaction energy between
two intercalated ions at different sites.
According to the activated complex theory, kf and kb can be
expressed as86










where a represents the symmetry factor of the electrochemical
reactions and kf
0 and kb
0 can be written in the Arrhenius form:










The current i can be obtained by substituting eqn (26) and (27)
into eqn (24):







  ð30ÞFig. 18 The variation in the logarithm of the Re of the LiCoO2
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When the forward reaction rate rf equals the backward reaction
rate rb, that is, when i = 0, the exchange current density i0 can
be obtained:










(1a)(1  x)(1a)xa (32)
where k0 is the standard rate constant of the reaction, and k0
can be expressed as:





ð1 aÞðneFE0 þ DGintÞ
RT
  ð33Þ
The charge transfer resistance can be defined as:
Rct = RT/neFi0 (34)













 exp DG0c þ aðnFE0 þ DGintÞ
RT
  ð36Þ
The active energy DG of the intercalation/deintercalation
reaction can be expressed as
DG= DG0c + a(nFE0 + DGint) = DG0c + a(nFE0 + a+ gx)
(37)





















By performing a Taylor series expansion on ln1/T and ignoring










Eqn (40) shows that the relationship between lnRct and 1/T is
linear and that DG can be obtained from the slope of the line.
Fig. 19 shows the variation in lnRct as a function of 1/T at
different potentials in 1 mol L1 LiPF6–EC : DMC electrolyte
solution. The relationship between lnRct and 1/T is always
strongly linear and the DG was calculated to be 67.4, 69.8 and
69.7 kJ mol1 at 4.05, 4.10 and 4.15 V, respectively, and the
average value was 69.0 kJ mol1.
5 Conclusions
EIS was used to characterise the electronic and ionic transport
properties of the LiCoO2 electrode as well as the charge transfer
reaction at the electrode/electrolyte interface. The spectra were
collected as a function of potential and temperature. The first
delithiation/lithiation process was conducted in a three-electrode
glass cell which can avoid the contributions of the lithium anode
in a two-electrode button cell. The EIS spectra exhibit three
semicircles and a slightly inclined line that appear successively as
the frequency decreases. The high-frequency, the middle-frequency,
and the low-frequency semicircles can be attributed to the
migration of the lithium ions through the SEI films, the electronic
Fig. 19 The variations in the logarithm of the Rct of the LiCoO2
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properties of the material and the charge transfer step, respec-
tively, and the inclined line can be attributed to the solid state
diffusion process. Such results advance the view points of
previous reports in the literature. At early delithiation there was
a dramatic change in the electrical conductivity of the layered
LiCoO2 that was caused by a polaron-to-metal transition. As the
potential was raised from 3.6 to 4.3 V, the electrical conduc-
tivity of LiCoO2 increased by two orders of magnitude, from
8.5  106 to 4.6  104 S cm1.
The characteristics of the impedance spectra of the LiCoO2
electrode were strongly influenced by the temperature. The
relationships between lnRSEI and 1/T, lnRe and 1/T, as well as
lnRct and 1/T are strongly linear, and W, Ea and DG can be
calculated from the slopes of the lines. In an electrolyte
solution of 1 mol L1 LiPF6–EC : DEC : DMC, the values of
W, Ea and DG were 37.7, 39.1 and 69.0 kJ mol
1, respectively.
Moreover, the results demonstrate that EIS features are
greatly affected by the amount of conductive additive in the
composite materials and by the contact between the cathode
film and the aluminium current collector.
Acknowledgements
This work was supported by the Fundamental Research Funds
for the Central Universities (2010LKHX03, 2010QNB04,
2010QNB05) and major State Basic Research Development
Program of China (2009CB220102).
References
1 J. M. Tarascon and M. Armand, Nature, 2001, 414, 359–367.
2 M. S. Whittingham, Chem. Rev., 2004, 104, 4271–4302.
3 M.Winter, J. O. Besenhard, M. E. Spahr and P. Novak,Adv. Mater.,
1998, 10, 725–763.
4 Y. M. Lee, Y. G. Lee, Y. M. Kang and K. Y. Choc, Electrochem.
Solid-State Lett., 2010, 13, A55–A58.
5 J. B. Goodenough and Y. Kim, Chem. Mater., 2010, 22, 587–603.
6 J. N. Reimers and J. R. Dahn, J. Electrochem. Soc., 1992, 139,
2091–2097.
7 Y. Koyama, I. Tanaka, H. Adachi, Y. Makimura and T. Ohzuku,
J. Power Sources, 2003, 119–121, 644–648.
8 C. D. W. Jones, E. Rossen and J. R. Dahn, Solid State Ionics, 1994,
68, 65–69.
9 K. S. Tan, M. V. Reddy, G. V. Subba Rao and B. V. R. Chowdari,
J. Power Sources, 2005, 147, 241–248.
10 T. Ohzuku and A. Ueda, J. Electrochem. Soc., 1994, 141, 2972–2977.
11 O. Haik, N. Leifer, Z. Samuk-Fromovich, E. Zinigrad, B.Markovsky,
L. Larush, Y. Goffer, G. Goobes and D. Aurbach, J. Electrochem.
Soc., 2010, 157, A1099–A1107.
12 F. Nobili, S. Dsoke, F. Corce and R. Marassi, Electrochim. Acta,
2005, 50, 2307–2313.
13 F. Nobili, R. Tossici, F. Croce, B. Scrosati and R. Marassi,
J. Power Sources, 2001, 94, 238–241.
14 F. Nobili, R. Tossici, R. Marassi, F. Croce and B. Scrosati,
J. Phys. Chem. B, 2002, 106, 3909–3915.
15 F. Croce, F. Nobili, A. Deptula, W. Lada, R. Tossici, A. Depifanio,
B. Scrosati and R. Marassi, Electrochem. Commun., 1999, 1, 605–608.
16 R. Marassi, F. Nobili, F. Croce and B. Scrosati, Chem. Mater.,
2001, 13, 1642–1646.
17 F. Nobili, S. Dsoke, M. Minicucci, F. Croce and R. Marassi,
J. Phys. Chem. B, 2006, 110, 11310–11313.
18 E. Antolini, Solid State Ionics, 2004, 170, 159–171.
19 M. Menetrier, I. Saadoune, S. Levasseur and C. Delmas, J. Mater.
Chem., 1999, 9, 1135–1140.
20 G. Ceder and A. Van der Ven, Electrochim. Acta, 1999, 45, 131–150.
21 A. Van der Ven, M. K. Aydinol, G. Ceder, G. Kress and
T. Hafner, Phys. Rev. B, 1999, 58, 2975–2987.
22 J. van Elp, J. L. Wieland, H. Eskes, P. Kuiper, G. A. Sawatzky,
F. M. F. de Groot and T. S. Turner, Phys. Rev. B, 1991, 44,
6090–6103.
23 Y. Takahashi, N. Kijima and J. Akimoto, Cryst. Growth Des.,
2007, 7, 2491–2494.
24 S. Levasseur, M. Menetrier, Y. Shao-Horn, L. Gautier, A. Audemer,
G. Demazeau, A. Largeteau and C. Delmas, Chem. Mater., 2003, 15,
348–354.
25 M. Shibubuya, T. Nishina, T. Matsue and I. Uchida, J. Electrochem.
Soc., 1996, 143, 3157–3160.
26 H. Tukamoto and A. R. West, J. Electrochem. Soc., 1997, 144,
3164–3168.
27 J. M. Atebamba, J. Moskon, S. Pejovnik and M. Gaberscek,
J. Electrochem. Soc., 2010, 157, A1218–A1228.
28 M. V. Reddy, G. V. Subba Rao and B. V. R. Chowdari, J. Phys.
Chem. C, 2007, 111, 11712–11720.
29 M. D. Levi and D. Aurbach, Electrochim. Acta, 1999, 45, 167–185.
30 D. Aurbach, K. Gamolsky, B. Markovsky, G. Salitra, Y. Gofer,
U. Heider, R. Oesten and M. Schmidt, J. Electrochem. Soc., 2000,
147, 1322–1331.
31 Q. C. Zhuang, T. Wei, L. L. Du, Y. L. Cui, L. Fang and S. G. Sun,
J. Phys. Chem. C, 2010, 114, 8614–8621.
32 G. T-K. Fey, W. H. Yo and Y. C. Chang, J. Power Sources, 2002,
105, 82–86.
33 K.M. Shaju, G. V. Subba and B. V. R. Chowdari, Electrochim. Acta,
2003, 48, 2691–2703.
34 B. Baek and C. Jung, Electrochim. Acta, 2010, 55, 3307–3311.
35 X. G. Sun and S. Dai, J. Power Sources, 2010, 195, 4266–4271.
36 P. L. Moss, G. Au, E. J. Plichta and J. P. Zheng, J. Power Sources,
2009, 189, 66–71.
37 M. D. Levi, C. Wang and D. Aurbach, J. Electrochem. Soc., 2004,
151, A781–A790.
38 M. D. Levi, E. Markevich, C. Wang, M. Koltypin and
D. Aurbach, J. Electrochem. Soc., 2004, 151, A848–A856.
39 Y. S. Jung, A. S. Cavanagh, A. C. Dillon,M. D. Groner, S.M. George
and S. H. Lee, J. Electrochem. Soc., 2010, 157, A75–A81.
40 J. M. Atebamba, J. Moskon, S. Pejovnik and M. Gaberscek,
J. Electrochem. Soc., 2010, 157, A1218–A1228.
41 M. G. S. R. Thomas, P. G. Bruce and J. B. Goodenough,
J. Electrochem. Soc., 1985, 132, 1521–1528.
42 M. D. Levi, K. Gamolsky, D. Aurbach, U. Heider and R. Oesten,
Electrochim. Acta, 2000, 45, 1781–1789.
43 D. Aurbach, B. Markovsky, M. D. Levi, E. Levi, A. Schechter,
M. Moshkovich and Y. Cohen, J. Power Sources, 1999, 82, 95–111.
44 M. D. Levi, G. Salitra, B. Markovsky, H. Teller, D. Aurbach,
U. Heider and L. Heider, J. Electrochem. Soc., 1996, 146, 1279–1289.
45 K. Y. Sheem, M. Sung and Y. H. Lee, Electrochim. Acta, 2010, 55,
5808–5812.
46 J. Mun, S. Kim, T. Yim, J. H. Ryu, Y. G. Kim and S. M. Oh,
J. Electrochem. Soc., 2010, 157, A136–A141.
47 Y. Cho, J. Eom and J. Cho, J. Electrochem. Soc., 2010, 157,
A617–A624.
48 M. V. Reddy, G. V. Subba Rao and B. V. R. Chowdari, J. Phys.
Chem. C, 2007, 111, 11712–11720.
49 K. Y. Sheem, M. Sung and Y. H. Lee, Electrochim. Acta, 2010, 55,
5808–5812.
50 H. Sato, D. Takahaschi, T. Nishima and I. Uchida, J. Power
Sources, 1997, 68, 540–544.
51 G. W. Lee, J. H. Ryu, W. Han, K. H. Ahn and S. M. Oh, J. Power
Sources, 2010, 195, 6049–6054.
52 Y. H. Chen, C. W. Wang, X. Zhang and A. M. Sastry, J. Power
Sources, 2010, 195, 2851–2862.
53 T. Marks, S. Trussler, A. J. Smith, D. J. Xing and J. R. Dahn,
J. Electrochem. Soc., 2011, 158, A51–A57.
54 S. S. Zhang, K. Xu and T. R. Jow, J. Electrochem. Soc., 2002, 149,
A1521–A1526.
55 L. Daheron, R. Dedryvere, H. Martinez, M. Menetrier, C. Denage,
C. Delmas and D. Gonbeau, Chem. Mater., 2008, 20, 583–590.
56 J. X. Ma, C. S. Wang and S. Wroblewski, J. Power Sources, 2007,
164, 849–856.
57 J. N. Reimers and J. R. Dahn, J. Electrochem. Soc., 1992, 139,
2091–2097.
58 M. Menetrier, I. Saadoune, S. Levasseur and C. Delmas,
Chem. Mater., 1999, 9, 1135–1138.














































2630 Phys. Chem. Chem. Phys., 2012, 14, 2617–2630 This journal is c the Owner Societies 2012
60 D. Ostrovskii, F. Ronci, B. Scrosati and P. Jacobsson, J. Power
Sources, 2001, 103, 10–17.
61 D. Ostrovskii, F. Ronci, B. Scrosati and P. Jacobsson, J. Power
Sources, 2001, 94, 183–188.
62 K. Xu, Chem. Rev., 2004, 104, 4303–4417.
63 E. Peled, J. Electrochem. Soc., 1979, 126, 2047–2051.
64 Q. Zhang andR. E.White, J. Electrochem. Soc., 2007, 154, A587–A596.
65 J. Molenda, Solid State Ionics, 2004, 175, 203–213.
66 J. Molenda, Solid State Ionics, 2005, 176, 1687–1694.
67 C. M. Julien, Mater. Sci. Eng., R, 2003, 40, 47–102.
68 C. A. Marianetti, Doctor Dissertation, Massachusetts Institute of
Technology, Cambridge, 2004, pp. 51–83.
69 A. Van der Ven, Doctor Dissertation, Massachusetts Institute of
Technology, Cambridge, 2000, pp. 46–76.
70 S. Levasseur, M. Menetrier, E. Suard and C. Delmas, Solid State
Ionics, 2000, 128, 11–24.
71 M. Park, X. C. Zhang, M. Chung, G. B. Less and A. M. Sastry,
J. Power Sources, 2010, 195, 7904–7929.
72 K. Dokko, M. Mohamedi, Y. Fujita, T. Itoh, M. Nishizawa,
M. Umeda and I. Uchida, J. Electrochem. Soc., 2001, 148, A422–A426.
73 J. Barker, R. Pynenburg, R. Koksbang and M. Y. Saidi,
Electrochim. Acta, 1996, 41, 2481–2488.
74 S. Levasseur, M. Menetrier and C. Delmas, Chem. Mater., 2002,
14, 3584–3590.
75 F. Sauvage, J. M. Tarascon and E. Baudrin, J. Phys. Chem. C,
2007, 111, 9624–9630.
76 M. Okubo, J. Kim, K. Tetsuichi, H. S. Zhou and I. Honma,
J. Phys. Chem. C, 2009, 113, 15337–15342.
77 J. D. Perkins, C. S. Bahn, J. M. Mcgraw, P. A. Parilla and
D. S. Ginley, J. Electrochem. Soc., 2001, 148, A1302–A1312.
78 L. F. Maia and A. C. M. Rodrigues, Solid State Ionics, 2004, 168,
87–92.
79 Impedance Spectroscopy, ed. J. R. Macdonald, Wiley, New York,
1987, p. 205.
80 Q. C. Zhuang, J. M. Xu, X. Y. Fan, G. Z. Wei, Q. F. Dong,
Y. X. Jiang, L. Huang and S. G. Sun, Chin. Sci. B, 2007, 37,
18–24.
81 E. Antolini, Solid State Ionics, 2004, 170, 159–171.
82 Y. J. Kim, E. K. Lee, H. Kim, J. Cho, Y. W. Cho, B. Park,
S. M. Oh and J. K. Yoon, J. Electrochem. Soc., 2004, 151,
A1063–A1067.
83 D. Carlier, L. Croguennec, G. Ceder, M. Menetrier, Y. Shao-Horn
and C. Delmas, Inorg. Chem., 2004, 43, 914–922.
84 T. Takamura, K. Endo, J. Fu, Y. Wu, K. J. Lee and
T. Matsumoto, Electrochim. Acta, 2007, 53, 1055–1061.
85 G. Barral, J. P. Diard and C. Montella, Electrochim. Acta, 1984,
29, 239–246.
86 Y. Li and H. Wu, Electrochim. Acta, 1989, 34, 157–159.
Pu
bl
is
he
d 
on
 1
4 
D
ec
em
be
r 
20
11
. D
ow
nl
oa
de
d 
by
 X
ia
m
en
 U
ni
ve
rs
ity
 o
n 
12
/0
7/
20
15
 1
3:
25
:1
6.
 
View Article Online
